Molecular dynamics simulations of armchair graphene nanoribbons and zigzag graphene nanoribbons with different sizes were performed at room temperature. Double vacancy defects were introduced in each graphene nanoribbon at its center or at its edge. The effect of defect on the mechanical behavior was studied by comparing the stress-strain response and the fracture toughness of each pair of pristine and defective graphene nanoribbon. Results show that the effect of vacancies in zigzag graphene nanoribbon is more profound than in armchair graphene nanoribbon. Also, the effect of double vacancy defect on the ultimate failure stress is greater in zigzag graphene nanoribbons than in armchair graphene nanoribbon due to bond orientation with respect to loading direction. Strength reduction can be as high as 17.5% in armchair graphene nanoribbon with no significant difference between single and double vacancies, while for zigzag graphene nanoribbon, the strength reduction is up to 30% for single vacancy and 43% for double vacancy defects. It is observed that for zigzag graphene nanoribbon with double vacancy at the edge, the direction of the failure plane is oriented at AE30 with respect to the loading direction while it is always perpendicular to the direction of loading in armchair graphene nanoribbon. Results have been verified through studying the fracture toughness parameters in each case as well.
Introduction
Graphene is one layer of hexagonal lattice of carbon atoms. It is the first two-dimensional material and it was obtained by mechanical exfoliation in 2004 (Novoselov et al., 2004) . Since its discovery, graphene attracted extensive attention of researchers because of its extraordinary mechanical (Ovid'ko, 2013) , thermal (Balandin, 2011) , and electrical properties (Chu et al., 2015a (Chu et al., , 2014a (Chu et al., , 2016 . One of the most promising applications of graphene is in nanoelectronics since it is highly conductive (Balandin et al., 2008) , has very low Joule heating (Balandin, 2011) , highly transparent (Kim et al., 2009 ), and extremely strong and flexible (Ovid'ko, 2013) .
Graphene nanoribbons (GNR) which are graphene stripes with dimensions in tens of nanometer, unlike infinite graphene sheets, can be metallic or semiconducting depending on their width and chirality (Han et al., 2007) . Aside from fabricating GNR in an atomically precise manner, applying uniaxial tensile strain can introduce bandgap into GNR (Lu and Guo, 2010) . In order to use GNR in nanoelectronics and power switches, understanding their mechanical behavior is not only fundamental but also important in assessing the reliability of the devices.
Similar to other crystals, graphene can have various structural defects which can be introduced into the lattice during growth or the production process (Banhart et al., 2010) . Defects may be one or multiple atoms missing (vacancy defects), atoms that form nonhexagonal rings (Stone-Wales defect), carbon adatoms, and contaminant atoms (Banhart et al., 2010) . The existence of defects in graphene lattice can alter the properties of graphene such as reduction of the ultimate failure stress, changing of chemical (Duplock et al., 2004) and electrical properties (Cortijo and Vozmediano, 2007; Rutter et al., 2007) . The effects of various defects on the mechanical properties of graphene are mostly studied using molecular dynamics (MD) simulation due to its comparative lower cost and convenience. Simulation studies in this area include the vacancy defect or Stone-Wales defect on the fracture strength and elastic modulus (Ansari et al., 2012; Wang et al., 2012; Zhang et al., 2016a Zhang et al., , 2016b , the mechanical behavior of irradiated graphene (Carpenter et al., 2013) , the fracture behavior of graphene nanomeshes (Carpenter et al., 2014; Hu et al., 2015; Khare et al., 2007) , the effect of distance between two single vacancy defects on the mechanical properties of GNR (Ansari et al., 2011) , and the dependence of strength on the temperature and strain rate (Dewapriya and Rajapakse, 2014; Zhao and Aluru, 2010) . However, previous studies in the literature have not considered the effect of double vacancy defect on the mechanical behaviors of GNR with different chiralities and the effects of location of the double vacancy defect, whether it is at the center of GNR or at the edge of GNR.
In this study, the mechanical properties of double vacancy-defective GNRs are studied using MD simulations, which is a well-established method in quantifying the mechanical properties of nanoscale materials (Zhang et al., 2016a (Zhang et al., , 2016b . The effect of double vacancy defects on the mechanical behavior of both armchair graphene nanoribbons (AGNRs) and zigzag graphene nanoribbon (ZGNRs) is assessed by comparing the results of double vacancy defective GNR with the single vacancy defective GNRs and the pristine GNR. A systematic parametric study is performed on GNR with different sizes, chiralities, and locations of the defect. The conclusions were made based on the comparison among those results.
MD simulations
Simulations were performed in the NVT ensemble at a constant temperature of 300 K. The simulation time step was 0.5 fs which is less than 10% of the vibration period of a carbon atom (Mylvaganam and Zhang, 2004) . Before the application of the loading, the system was left to relax for 20,000 time steps to reach a thermodynamically stable equilibrium state. The initial C-C atomic bond length used in the simulations is 1.40 Å , which is slightly lower than the average value of bond lengths in bulk graphene. Choosing such bond length helps reducing the initial stress in GNR and shortens the time needed to reach thermodynamic equilibrium (Chu and Basaran, 2012; Chu et al., 2016 Chu et al., , 2014b Chu et al., , 2015b Humphrey et al., 1996) .
In this paper, both AGNRs and ZGNRs with either a double vacancy defect at the center or at the edge are simulated as shown in Figure 1 . They are subjected to uniaxial tensile strain until complete fracture using MD simulations (LAMMPS, 2010) . Prescribed displacement is applied at atoms in the upper and lower boundaries of the GNR, as shown in Figure 2 . The boundary conditions of the model are nonperiodic and shrink wrapped in x, y, and z directions so that the particles do not interact across the boundary and do not move from one side of the box to the other. The GNR is allowed to fully relax for 50 time steps after each displacement increment until thermodynamic equilibrium is reached. The loading average speed was 0.25 Å /ps, in agreement with previously recommended values in Ragab and Basaran (2009) .
The interatomic covalent forces are determined according to the adaptive intermolecular reactive empirical bond order (AIREBO) potential function given as (Stuart et al., 2000) E ¼ 1 2
in which E stands for the potential energy. The first term in this equation E REBO ij stands for the hydrocarbon REBO potential, E LJ ij is the long range interaction between atoms (LAMMPS, 2010) similar to standard Leonard-Jones potential, and E TORSION ijkl determines the various dihedral angle preferences in hydrocarbon configurations. The nearest neighbor atoms were considered in the interaction of atoms through a cutoff function, f c ðrÞ defined to achieve a smooth transition of the interatomic forces until vanishing is given as
where r is the interatomic distance and D max and D min are the upper and the lower limits of the cutoff distance transition. For C-C interactions, the default values used for D max and D min are 1.92 and 1.7 Å , respectively (Brenner et al., 2002) . However, it is observed that using these default values of D max and D min yields unreasonably high fracture strength and fracture behavior. Different researchers proposed several remedies for the cutoff function problem in AIREBO potential. Perriot et al. (2013) developed the SED-REBO potential with considering long range interaction using a screening function to better simulate the bond breaking and remaking process. The fracture behavior of the systems simulated using SED-REBO potential was verified by density functional theory calculations. In this study a different approach is used to address the problem with AIREBO potential function. Following the suggestions from the developers of original REBO potential (Shenderova et al., 2000) , simulations using different cutoff distance values 1.9 (Lu et al., 2011) , 1.92 (Pei et al., 2010) , and 2.0 Å (Xu, 2009; Zhao et al., 2009) were performed in the literature. Comparison of the results of simulations using different minimum and maximum cutoff distance is shown in Figure 3 . The number annotated in the figure (1-6) represents six combination of the maximum and the minimum cutoff distance (D max and D min ), respectively. Results in Figure 3 (stress-strain diagrams 1 and 2) show that using different values for D max and D min will obtain a fracture strength over 250 GPa which is much higher than the experimental result of 130 GPa according to Fang et al. (2008) . At the same time, it was observed that using the same value for D max and D min will have similar results as shown in Figure 3 (stress-strain diagrams 3, 4, 5, and 6) for the fracture strength around 100 GPa which is considered reasonable. Following the previous study by Chu et al. (2014b) , same D max and D min cutoff distance of 2.0 Å is used (Fu et al., 2016; LAMMPS, 2010) .
The stress-strain curves of GNRs were calculated using the virial (atomistic) stress as
where is the total virial stress, kin is the kinetic part of the virial stresses, int is the internal part of the virial stresses, V is the volume used to calculate the stresses, f i is the total force acting on atom i due to its interaction with all its neighbors acting in the direction of , r i is the location of atom i along the axis, m i is the mass of atom i, v i is the velocity of atom i along the axis, and v i is the velocity of atom i along the axis. The stresses in the GNR were calculated by averaging the virial stress of each carbon atom in the nanoribbon excluding the parts in the fixed boundaries shown in Figure 2 . A thickness 3.35 Å is used to calculate the volume of the GNR (Huang et al., 2006) . (Fu et al., 2016) .The number annotated to the stress-strain diagrams is for the simulations of different combinations of the cutoff distances. 
Results and discussion
Simulated GNR had a width of 5.0 nm and length was varied from 2.5 to 15 nm in 2.5 nm increments. Stress-strain diagrams and fracture behavior were compared for the pristine and defective GNR with single and double vacancy located both at the center and the edge of the GNR. The stress-strain curves are shown in Figures 4 to 15 for the different cases simulated. The simulated GNRs experienced extensive bond breaking and reforming; however, AIREBO (Stuart et al., 2000) potential function may not able to provide an accurate simulation of the interaction of the atoms during these stages. Since this inherent inaccuracy of the potential function used for the long range interactions, the stress-strain diagrams in Figures 4 to 15 beyond the fracture strength are ignored. The stress-strain diagrams are modified so that the stress drops to zero right after the fracture points. GNRs with single vacancy defect were studied in our previous work (Zhang et al., 2016a (Zhang et al., , 2016b .
In Figure 4 , pristine AGNR has ultimate failure stress around 95 GPa, while from Figure 9 the pristine ZGNR has an ultimate failure stress of nearly 120 GPa. The disparity of ultimate failure stresses of AGNRs and ZGNRs comes from the orientation of the bonds with respect to the loading direction that provide the axial stiffness within the GNR as shown in the free body diagram in Figure 16 . In Figure 16 , from the simple mechanics illustrated in part (c) and (d) of the figure, it can be observed that initially both armchair and zigzag GNR will be able to resist the same magnitude of axial force. But with increasing the strain, the stiffness of AGNR will still be governed by the vertical bonds only and the increasing of the slope of the inclined bonds will not lead to any increased axial strength. On the other hand, for the ZGNR the increase in the slope in the inclined bonds will make them more aligned with the axial force thus would be able to resist more axial force. This leads to a higher ultimate failure stress than AGNR. The simulated GNRs with vacancy defect at the center are shown in Figure 17 . The deterioration of the ultimate failure stress in single vacancy defect and double vacancy defect is summarized in Tables 1 and 2 . According to these two tables, vacancy defect has different deterioration effect on AGNR and ZGNR. In general, vacancy defects have much lower effect on AGNR than on ZGNR based on the percentage of deterioration of ultimate failure stress of pristine GNR. Vacancy defects lead to no more than 17.5% deterioration in ultimate failure stress for AGNR while for ZGNR, the percentage of deterioration is no less than 20% and can be as large as 43%. The disparity can be explained by the difference in the affected areas in AGNR and ZGNR by the defects. Double vacancy defects at the centers and at the edges are shown in Figure 1 . It was observed that the affected cross section area in ZGNR is much larger than the ones in AGNR.
The progress of fracture in defective GNRs is shown in Figures 18 to 25 . One interesting phenomenon is the difference between the behavior of GNRs with vacancy defects at the center and at the edges. Vacancy defect on the center tended to weaken the GNRs around the crack thus the fracture always initiated at the crack and progressed horizontally (i.e. perpendicular to the loading direction) as shown in Figures 18 to 21 . One the other hand, GNRs with vacancy defects at the edge also had fracture initiated from the defect while the direction of the fracture plane depended on their chirality as shown in Figure 22 through 25. According to these figures, the fracture of ZGNR always tend to propagate along the directions with either positive or negative 30 with the loading direction. When the defect is at the center, the fracture surface is serrated, while the fracture sections bifurcate into two paths and propagate through the AE30 direction section when the defect is at the edge of ZGNR. In order to understand the failure angle preference for different chiralities and defect location, the mechanics of the fracture process in AGNR and ZGNR is analyzed as shown in Figure 26 . AGNRs have bonds that are parallel to the loading direction and these bonds, which are circled in Figure  26 (a) and (b), provided the axial ultimate failure stress of the GNRs. For AGNR with a defect at its center, the bonds around the defect will break first and crack propagates through the cross section in the direction indicated by the arrows in Figure 26 (a) and (b). For AGNR with defect at its edge the fracture behavior is the same except that it only propagates from one direction to the other as shown in Figure 26(b) . On the other hand, ZGNR does not have bonds that are parallel to the loading direction and the axial ultimate failure stress is provided by bonds that make 60 with the horizontal direction and thus those bonds at AE30 angles will break when reaching their maximum strength. For ZGNR with defect at its center, four bonds oriented at AE30 angles around the defect will break first as shown in Figure 26 (c). After that, the continuation of loading will start building stress in the neighboring bonds and since the location of the defect is in the center of the GNR, stress will be built up around the defect causing the bonds around the blue line shown in the figure to be most stressed and thus will be the bonds to fail first. This fracture mechanism will continue and the fracture plane will propagate to be orthogonal to the loading direction. However, for ZGNR with defect on its edge, the first two bonds that break are highlighted in Figure 26 (d) but unlike the case where the defect is at the center, stress will not build around the defect because of the free edge, instead the direction of the maximum stresses is oriented at AE30 angle indicated by the two blue lines in the figure and thus the fracture propagates in the direction indicated by the blue dashed lines. According to these conclusions, the generalized fracture paths for any AGNR or ZGNRs can be summarized in Figures 27 and 28 , respectively.
In order to probe the strength of graphene with engineering relevance, the fracture toughness of GNR has been calculated for each model. In this study, the classic Griffith theory of brittle fracture has been used for graphene, and the fracture toughness of graphene is calculated as the critical stress intensity factor, K c and the equivalent critical strain energy release rate, G c . The applicability of classic Griffith theory for crystal materials has been validated by Zhang et al. (2014) experimentally. The critical stress intensity factor K c and the equivalent critical strain energy release rate, G c , are calculated using equations (4) and (5), respectively 
in which c is the critical stress of fast fracture as a function of crack length a 0 . a 0 is the half width for the central crack and the full width when the crack is at the edge of the specimen. E is the Young's modulus of graphene, which is 1 TPa. The stress intensity factor, K c and the critical strain energy release rate, G c of each group of GNR are calculated and summarized in Tables 3 and 4 . From Table 3 , GNRs loaded in the armchair direction have different average values for K c and G c in each defect case, i.e. single or double vacancy defect either at the center or at the edge of the GNR, but the standard deviation for each group is rather small, which is only less than 0.01 for K c and around 0.65 for G c . The values of K c and G c agree with the previous published studies by Zhang et al. (2015) . Table 4 summarizes the fracture toughness parameters of ZGNRs. In general, the fracture toughness of ZGNRs is larger than the AGNRs and this agrees with the observation on the simulated fracture strength, i.e. ZGNRs have higher fracture strength than AGNRs. According to the definition of fracture toughness, ZGNRs tend to be stronger in its capability to withstand brittle fracture compared to the AGNRs.
The disparity of fracture toughness parameters in each group probably comes from the measurement of fracture size a 0 and the lattice trapping effect , which states that the calculated fracture toughness may be biased when the crack is only a few lattice spacing. In this study, the fracture toughness parameters are calculated based on the simulation results of defective GNRs and the widths of the crack are the clear distance within the defects. These defects are only a few angstrom and they are rather small compared to the cracks in previous studies (Zhang et al., 2015) , thus it may cause greater errors when the fracture toughness parameters are calculated. Within one lattice spacing, the lattice trapping effect is remarkable and it is caused by the nonlinearity variation of surface energy. For a better estimation of the fracture toughness parameters, it is recommended that at least the characteristic crack length should be used according to Zhang et al. (2007) .
Conclusions
The effect of double vacancy defects on the mechanical behavior of GNRs was systematically studied. Stress-strain diagram, ultimate failure stress, and fracture behaviors were compared for pristine and defective GNRs. Vacancy defects, for both single and double vacancy defect, weaken GNRs in general, but the percentage of ultimate failure stress reduction is significantly different. Vacancy defects tend to weaken ZGNRs much more than AGNRs with the percentage of deterioration as large as 40% for ZGNRs while this deterioration is always less than 20% for AGNRs. Also, for edge and center defects, based on the fracture behavior of the GNR, the weakest directions of the GNR were determined to be orthogonal to the loading direction for all AGNR and ZGNR with defects at the center, while for ZGNR with defects at the edge the weakest direction was identified to be oriented at AE30 angle around the defect. In order to have a clear understanding about the influence of temperature on the mechanical behavior of GNRs, future work including the MD simulation of defective GNR under different temperature is needed. Also, merely based on the results of two extreme cases where the defects are either at the center or on the edge of the GNR, it is hard to generalize the fracture behavior of the GNR when the defect is located in an arbitrary location. These two factors can be taken into consideration after further investigation.
The fracture toughness of GNR is calculated for each model using the Griffith fracture theory and the results fall within the range of previous experimental studies and simulation results. For each group under the same loading and defect, the results have very low standard deviation, while there is quite large disparity between each group which is considered to be due to the lattice trapping effect.
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